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ABSTRACT 
A theoretical and computational study of the propagation of ultrasonic pulses in a fat-muscle-
bone biological multilayer is presented. The different layers are considered as homogeneous 
tissues with frequency dependent attenuation and plane parallel interfaces. Fat and muscle are 
considered as viscous fluids while bone is considered as viscoelastic solid. Specific propagation 
parameters and values of layer thickness are adopted from practical cases of interest in 
ultrasonic therapeutic (diathermy) applications. Numerical simulation of ultrasonic pulse 
propagation in this multilayer structure is made with time domain finite differences method. 
Ultrasonic reflection and transmission coefficients at the fluid/fluid and fluid/solid interfaces, for 
monochromatic plane-wave propagation, are analytically computed for arbitrary incidence 
angles below the first critical angle. Reflection and transmission characteristics at the interfaces 
were also obtained from numerical simulation of broad band ultrasonic pulse propagation, 
computed from peak amplitudes of ultrasonic incident, reflected and transmitted pulses. 
Reflection and transmission at different interfaces, pulse reverberation, reflection at soft 
interfaces and generation of shear waves at the bone are studied. 
 
INTRODUCTION 
Ultrasound (US) has been largely applied in Medicine since the sixties, first for imaging 
purposes and then therapeutic applications. Nevertheless some basic physical aspects 
concerning US propagation characteristics are still not well explored. This issue has gained 
renewed importance specially when dealing with high intensity US and its effects in different 
tissues layers. 
 
The fat-muscle-bone biological multilayer is studied due to its great interest in ultrasound 
therapeutic applications. In particular, the interface muscle-bone is frequently related to 
undesired localized heating. Ultrasound is commonly used for diathermy purposes (heating 
therapy for soft tissue wounds), where it is estimated, for instance, more than one million 
procedures per year in Great Britain [1]. This treatment is based on the absorption of US energy 
by biological tissues, thus, producing localized heat. The main concern with this type of 
treatment is that the presence of bone generates strong absorption at the muscle/bone interface 
and temperature can reach unsafe levels. 
 
In this work we present some contributions to the analysis of the ultrasonic propagation in a 
three layer (fat-muscle-bone) biological structure. The structure is assumed to be composed of 
infinite thin layers with plane parallel interfaces. Plane ultrasonic pulses are also assumed. Fat 
and muscle are considered as viscous fluids while bone is considered as viscoelastic solid. 
Although frequency dependent attenuation is considered in the different layers, this study is 
performed for a fixed central frequency. Numerical simulations are performed by means of a 
time-domain finite difference method (Wave2000®, Cyberlogic). 
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FAT-MUSCLE-BONE BIOLOGICAL STRUCTURE 
This biological multilayer is the subject of many therapeutic ultrasonic treatments [1]. The model 
under study is composed of three thin layers, with plane parallel interfaces: a) layer 1, fat, 
thickness 10mm; b) layer 2, muscle, thickness 30mm; c) layer 3, bone, thickness 10mm. These 
thickness values correspond to typical values of the tissues insonified in conventional 
applications of therapeutic ultrasound. Fat and muscle are assumed to be viscous fluids and 
bone a viscoelastic solid. Because of their lower viscosity, there is a small amount of shear 
waves propagating in fat and muscle tissues [3]. This shear wave propagation in soft tissues is 
usually neglected [4].   
 
Table I summarizes the material properties of the different tissue layers where  is the material 
density, VL the longitudinal wave velocity, VT the shear wave velocity, and L and T the 
associated attenuations at 1MHz [5]. 
 
Table I: Acoustic parameters of biological tissues 
 
Tissue 
 
(Kg/m3) 
VL 
(m/s) 
VT 
(m/s) 
L 
(Np/cm) 
T  
(Np/cm) 
fat 937 1479 51.8 0.04 1.2 x 103 
muscle 1070 1532 48.5 0.12 1.2 x 103 
bone 1780 3380 1940 1.52 2.6 
 
A plane ultrasonic wave is assumed to be incident on the fat-muscle-bone layers. The amplitude 
of the incident pressure wave and its incidence angle are denoted as I12.and 1 respectively. 
The partial reflection and transmission of the ultrasonic wave at the interface is determined by 
the continuity of pressure and particle displacement. The corresponding pressure reflection and 
transmission coefficients are denoted as R12 and T12 respectively. There is a mode conversion 
when the ultrasonic wave propagating through the muscle tissue attains the bone interface with 
an oblique incidence. The pressure reflection coefficient for the interface muscle-bone is 
denotes as R23. The transmission coefficients for longitudinal and shear waves are TL and TT 
respectively.  
 
REFLECTION AND TRANSMISSION AT THE INTERFACES 
The pressure reflection and transmission coefficients for the fat/muscle interface are given by 
equations (1) and (2) [6]: 
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the i-layer; 1 is the angle of incidence and 2 is the transmission angle.  
From equations (1) and (2), the intensity reflection and transmission coefficients given by 
equations (3) and (4), are obtained: 
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Figure 1.a shows these intensity reflection and transmission coefficients, as a function of the 
angle of incidence 1, computed from equations (3-4) for the fat (1) / muscle (2) interface with 
the material parameters of Table I. When the incidence angle attains a value of 74.88º, a total 
reflection occurs. This value corresponds to the critical angle of this interface.  
 
The pressure reflection and transmission coefficients for a fluid (2) /solid (3) interface are given 
by equations (5), (6) and (7), where TL represents the pressure transmission coefficient for the 
longitudinal wave and TT represents the pressure transmission coefficient for the shear wave [5]: 
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longitudinal and shear waves respectively. The angles of the transmitted waves at the different 
interfaces can be obtained from the Snell’s law:  
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 From equations (5-7), the intensity reflection and transmission coefficients given by equations 
(9), (10) and (11) , are obtained: 
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Figure 1.b shows the computed intensity reflection and transmission coefficients, for longitudinal 
and shear waves, for the muscle (2) /bone (3) interface, as a function of the angle of incidence 
1, computed from equations (9-11), with the material parameters of Table I. 
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                                          (a)                                                                  (b) 
Figure 1.  Computed Intensity Reflection and Transmission coefficients for the fat/muscle (a) and 
muscle/bone (b) interfaces. 
 
From figure 1.b  it can be appreciated how the transmission of the ultrasonic energy to the bone 
tissue is strongly dependent on the incidence angle. For incidence angles between 0º and 20º, 
the transmitted longitudinal component is the main responsible for heat generation at bone 
tissue. For angles of incidence greater than 27º, the shear wave component is the main 
responsible for heat generation at bone tissue. Finally, when the incidence angle is greater than 
50º, the transmission of conventional longitudinal and transversal waves to the bone tissue is 
finished. The values 26.95º and 52.15º correspond to the critical angles for the longitudinal and 
transverse components at the muscle/bone interface. 
 
Table II shows the pressure (amplitude) reflection and transmission coefficients, computed from 
equations (2-7), for the fat/muscle and muscle/bone interfaces.  
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Table II: Pressure Reflection and Transmission coefficients for the different interfaces 
incident angle (1) R12 T12 R23 TL TT 
0º 0.065 1.065 0.572 1.572 0 
10º 0.066 1.066 0.563 1.540 0.41 
15º 0.067 1.067 0.553 1.510 0.62 
20º 0.068 1.068 0.543 1.500 0.81 
25º 0.070 1.070 0.59 2.032  0.90 
 
 
TDFD COMPUTER SIMULATION 
A time-domain finite-difference (TDFD) model of the biological structure was developed using 
the Wave2000 (Cyberlogic) software, with frequency dependent attenuation and mode 
conversion at the muscle/bone interface. The thickness of the layers were 10mm, 30mm, and 
10mm, for fat, muscle and bone respectively, with the material properties as specified in Table I. 
A plane broad band pulse of 1MHz is generated with a piston-type source located at the left 
external interface(fat). The specific pulsed time waveform of the source is selected as a 
sinusoidal carrier wave with Gaussian envelope. Different incidence angles were simulated 
using “wedge sources”. Infinite boundary conditions, absorbing all the incident pulses, are also 
assumed at the upper and lower horizontal boundaries. Different receptors were located at front 
and rear positions of each interface. 
 
Figure 2.a shows the emitted ultrasonic pulse before attaining the first interface (fat/muscle) and 
the ultrasonic pulses after reflection and transmission at the different interfaces for normal 
incidence (1 = 0º). Figure 2.b shows a similar ultrasonic pulse structure for an angle of 
incidence 1 = 20º. The longitudinal TL and transversal TT components transmitted to the bone 
tissue can be appreciated. Figure 3 shows a snapshot of the ultrasonic pulse structure at time 
instant t = 28.39 s, for normal incidence and figure 4 shows a snapshot of the ultrasonic pulse 
structure at time instant t = 33.14 s, for oblique incidence at 1 = 20º. Mode conversion can be 
appreciated. 
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Figure 2 Normalized amplitude of ultrasonic pulses after propagation through the different 
interfaces: (a) normal incidence 1 = 0º and (b) oblique incidence 1 = 20º. () Incident (I12) and 
reflected (R12) pulses at the first interface; () Transmitted (T12) ultrasonic pulse to the second 
layer (muscle); () Incident (I23) and reflected (R23) pulses at the second (muscle /bone) 
interface; () Longitudinal ultrasonic pulse transmitted (TL) to the bone tissue; () Transversal 
(TT) ultrasonic pulse transmitted to the bone tissue. 
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            Fat                                      Muscle                                          Bone        
Figure 3. Snapshot of the ultrasonic pulse propagation at t = 28.398s for normal incidence. 
 
 
                                 Fat                         Muscle                               Bone    
Figure 4. Snapshot of the US pulse propagation at t = 33.146 s (oblique incidence at 1 = 20º). 
 
Reflection and transmission coefficients of each interface were also computed from the peak 
amplitude of the different ultrasonic pulses (incident, reflected and transmitted) as functions of 
the angle of incidence 1. Resulting values show similar tendencies as those in Table II. 
 
REVERBERATIONS AND ATTENUATION BONE TISSUE 
The ultrasonic energy transmitted to the bone tissue has two main origins: the energy directly 
transmitted to the bone tissue and the energy which is transmitted after reverberations in the fat 
and muscle layers. The energy corresponding to the different types of reverberations can be 
computed for different incidence angles. As an example, figure 5 shows the partial component 
of the intensity transmission coefficients (both longitudinal and transversal) for multiple 
reflections of longitudinal waves at the bone interface, when the ultrasonic wave is transmitted 
back to the external (transducer/ air) interface, reflected and afterwards transmitted to the bone. 
An infinite number of reflections (without viscous attenuation) is considered. 
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                                          (a)                                                             (b) 
Figure 5. Component of the Intensity transmission coefficient for ultrasonic energy reverberating 
in the fat/muscle layers. a) Longitudinal waves; b) Shear waves. 
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Figure 6 shows the intensity attenuation of longitudinal and transverse waves in the bone tissue 
as a function of distance. It has been computed for an incidence angle of 20º. The higher 
attenuation of transverse waves is responsible for heat generation near the muscle/bone 
interface. 
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Figure 6. Computed intensity attenuation of longitudinal and transverse waves in bone tissue at 
1 MHz. 
 
CONCLUSIONS 
Ultrasonic propagation at fluid/solid interfaces is a complex phenomenon because different 
wave propagation modes can be present. The biological muscle/bone interface is a main 
concern in ultrasonic therapeutic applications. It has been suggested that localized heating by 
ultrasound near muscle/bone interfaces can be related to mode conversion of longitudinal to 
shear waves and the absorption of the last in short distances of the bone tissue. In this work we 
have studied some aspects of ultrasonic propagation in fat/muscle/bone multilayers. Further 
work is needed, and in particular for the study of real fat/muscle/bone geometrical 
configurations, with non-parallel interfaces, as well as for the effect of the finite aperture of the 
ultrasonic transducer and the influence of the frequency on the thermal effects. 
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